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Articular cartilage is composed of water entrapped in a
solid matrix formed by proteoglycans and collagen fibers.
Therefore, the mechanical behavior of this tissue is determined
by all of these three components. In addition, the properties of
articular cartilage vary along the depth and by location. In the
human knee joint, the three dimensional geometry as well as
the contact between the cartilaginous tissues plays essential
roles in the joint mechanics. On the other hand, initiation and
progression of osteoarthritis (OA) could be partly caused by
contact loads. Consequently, the fibrillar and non-fibrillar
matrices, the three dimensional geometry and the contact
between the tissues should be considered as essential
parameters in the study of the mechanics of osteoarthritis.
However, previous studies on OA mechanics were mostly
limited to explants geometries [1]. Also, the contact mechanics
associated with the fluid pressure have not been considered in
the previous OA models. In a recent knee model, fluid was
considered in femoral cartilage but not in the menisci [2].
Additionally, the depth-dependent mechanical properties were
not included in that model.
Therefore, the objective of the present study was to investigate
the mechanics of OA in an anatomically accurate model of the
knee joint that includes distal femur, femoral cartilage,
meniscus, tibial cartilage, and proximal tibial. The fluid
pressure, and fibers were modeled in all cartilaginous tissues,
and the femoral cartilage mechanical properties were depth-
dependent.
METHODS
The construction of the model can be found in our recent
publications [3, 4]. The basic features are described here. The
fluid and collagen fibers were taken into consideration, and the
cartilaginous tissues including femoral, tibial cartilage and
meniscus were modeled as fluid-saturated materials reinforced
with fibers. In the present study, depth-dependent material
properties in the superficial, middle and deep zones were
further considered for the femoral cartilage. The fibers were
aligned perpendicular to the cartilage-bone interface in the deep
zone, randomly oriented in the middle zone and parallel to the
surface in the superficial zone. Two models of healthy and OA
cartilage were compared, when a compression of 0.1mm was
applied in 1s to the top femur as the distal tibia was fixed. For
the OA model, cartilage degeneration was assumed in a high
load bearing region of the medial condyle, with increased
permeability and smaller Young’s modulus for the region.
Furthermore, the fibers were randomly oriented in the region.
The finite element analysis was performed using ABAQUS
6.10 (Simulia Inc., Providence, RI, USA).
RESULTS
The superficial fluid pressure decreased noticeably after
cartilage degeneration (Fig. 1). Fluid pressure supports almost
90% of the load applied to the tissue [5]. Reduction of fluid
pressure, as shown in Fig. 1, exposes the solid part to higher
load. Consequently, the degenerated cartilage not only has a
weak structure, but also will be more susceptible to further
deterioration. This phenomenon can be seen in the first
principal strain variation along the depth (Fig. 2). The OA
cartilage has higher first principal strain in superficial and
middle layers compared to the normal cartilage. Assessment of
fluid pressure through the cartilage depth reveals deeper
cartilage layers will also experience lower fluid pressure
compared to the normal case (Figs. 3). In fact, our results
showed that as cartilage degeneration progresses from
articulating surface to the deeper layers, reduction in the fluid
pressure in the degenerated zone will be more noticeable (not
shown).
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Fig. 1: Superficial fluid pressure in normal (left) and OA
cartilage (right).
Fig. 2: Variation of first principal strain through the depth.
(0=cartilage surface).
Fig. 3: Fluid pressure in the sagittal plane of the medial condyle
of the femoral cartilage for normal (upper) and osteoarthritic
(lower) cases. Bottom is articulating surface and the anterior
side is on the right.
DISCUSSION
In this study, osteoarthritis in the knee joint was simulated.
The tissue model considered fluid pressure, fibers, and depth-
dependent properties. Consequently, compared to the previous
reports, the effect of cartilage degeneration on fluid pressure
was more realistically modeled.
Fluid pressure supports more than 90% of load at cartilage
surface [5]. This large contribution to load support protects the
solid matrix from excessive friction that could lead to cartilage
degeneration. According to our results (Fig. 1), the degenerated
cartilage will be more exposed to excessive frictional forces,
which in turn will increase the possibility of further cartilage
deterioration. This finding was supported by higher first
principal strain in middle and deep zones seen in the OA model
in comparison to the normal model (Fig. 2).
In normal cartilage the fluid pressure decreases with
cartilage depth. However, with cartilage degeneration initiated
in the superficial zone, the deeper cartilage fluid pressure could
contribute more in supporting the load because the superficial
layer could not be well integrated to maintain a high surface
fluid pressure. Results of this study (Fig. 3) showed that
cartilage degeneration leads to lower fluid pressure in both
surface and deep layers. Therefore, the progression of cartilage
deterioration to the deep layers will be facilitated.
We have studied the mechanical behavior of degenerated
cartilage at the knee joint level. The results showed cartilage
degeneration leads to reduced fluid pressure in superficial and
deeper layers. The results may indicate that once the cartilage
degeneration initiates, it will progress to deeper and larger
regions.
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